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EVALUATION 


This  effort  covers  applied  research  ir.  .1  'clear  magnetic 
resonance  for  the  Improvement  of  detection  sensitivity  and 
for  the  provision  of  band  tuning  for  an  electromagnetic 
energy  sensor.  The  small  size  of  this  sensor,  compared  with 
conventional  antennas,  makes  it  usable  for  the  detection  of 
extremely  low  and  very  low  frequencies  in  hardened  communica¬ 
tion  complexes  where  the  antenna  is  burled  underground  and 
the  transmitted  energy  propagates  through  the  earth's  crust. 
This  effort  increased  the  knowledge  in  the  field  of  nuclear 
magnetic  resonance  applications  for  practical  devices, 
making  the  realization  of  such  devices  more  feasible.  The 
information  obtained  as  a  result  of  this  effort  will  be 
utilized  in  the  formulation  of  future  work  concerned  with 
the  utilization  of  the  nuclear  magnetic  resonance  phenomena 
for  survivable  conmunications  purposes. 


WALTER  J.  BUSHUNOW 
Project  Engineer 


SECTION  1 

INTRODUCTION 


1.1  BASIC  PROBLEM 

We  are  concerned  in  this  program  with  the  reception  of  very  low 
frequency  electromagnetic  waves.  The  loop  antenna  has  been  the  tradi¬ 
tional  apparatus  employed  in  the  reception  of  such  signalc;  however, 
certain  difficulties  become  apparent  as  the  Wavelength  of  the  signals 
becomes  very  long. 

The  rapid  deterioration  of  conventional  loop  performance  as  the 
carrier  frequency  is  reduced  results  from  the  unfavorable  r^tio  of  the 
antenna  size  to  the  signal  wavelength.  If  ideal  reception  were  to  be 
achieved,  the  loop  should  extract  all  the  energy  passing  within  a  radius 
of  «  X/5.  In  practice,  the  loop  may  have  an  effective  aperture  not  much 
larger  than  its  own  physical  dimensions.  When  this  picture  is  couched  in 
electrical  terms  one  says  that  the  radiation  resistance  of  the  antenna  is 
negligible  compared  to  its  internal  ohmic  losses.  Hence,  it  is  not  effi¬ 
ciently  coupled  to  the  external  radiation  field.  In  particular,  the  field 
strength  must  exceed  a  minimum  value  so  that  the  fraction  of  signal  power 
intercepted  is  greater  than  the  internally  generated  kTB  noise  power. 

Very  simply,  since  the  induced  Emf  is  proportional  to  the  rate  of 
change  of  the  flux  through  the  loop,  the  detected  Emf  will  be  inversely 
proportional  to  the  wavelength.  Therefore,  for  a  fixed  field  strength, 
there  is  a  minimum  detectable  frequency  below  which  the  signal  will  be 
masked  by  internal  thermal  noise. 

One  solution  to  these  problems  was  the  Promant  Technique  developed 
bv  National  Company. 
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A  breadboard  model  Prcsant  vas  constructed  by  Rational  Company  under 
a  prerlous  contract  (see  report  RADC-TR-6U-567 ,  AD  619  0l»3).  The  response  was 
studied  and  compared  to  the  theoretically  expected  results  and  it  vas  found 
possible  to  observe  signals  of  about  10' 6  gauss  at  100  Hz  with  a  bandwidth  of 
2.5  Hz  and  a  slgn&l-to-nolse  ration  of  unity.  The  sensitivity  vas  also  observed 
to  decrease  vith  increasing  carrier  frequency  at'  expected. 

For  VLF  detection  purposes  it  would  be  desirable  to  receive  signal 
amplitudes  in  the  10~12  gauss  range.  It  would  also  be  desirable  to  have 
some  means  of  extending  the  gocd  low  frequency  sensitivity  to  higher  fre¬ 
quencies. 

This  report  describes  the  results  of  a  study  and  investigation  of 
techniques  which  showed  promise  of  being  the  means  for  achieving  these 
goals.  Since  most  of  the  necessary  theory  has  been  developed  in  the  pre¬ 
ceding  reports  mentioned  above,  only  the  necessary  results  and  not  the 
theory  will  be  repeated  here.  In  addition,  circuit  diagrams  and  drawings 
of  parts  contained  in  the  earlier  reports  will  be  omitted. 

1.3  PROPOSED  IMPROVEMENTS 
1.3.1  Increased  Sensitivity 

In  order  to  respond  to  the  request  for  proposals  to  Improve  the 
performance  of  the  original  Proman t,  National  Company  made  a  thorough 
search  for  all  methods  which  could  lead  to  increased  sensitivity.  This 
search  uncovered  two  major  possibilities  and  a  host  of  minor  ones. 

One  major  possibility  was  to  obtain  increased  sensitivity  by  in¬ 
creasing  the  operating  frequency  of  the  maser.  The  uaser  power  is  pro¬ 
portional  to  the  square  of  the  frequency  of  operation,  and  since  the 
minimum  detectable  field  is  inversely  proportional  to  the  square  root  of 
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the  maser  power,  we  find  that  the  minima.-  detectable  field  is  inversely 
proportional  to  the  frequency  of  operation.  In  other  words,  if  the  maser 
frequency  is  doubled,  the  sensitivity  will  be  doubled.  It  was  predicted 
that  a  practical  improvement  of  30  db  could  be  obtained  by  this  method. 

Increasing  the  maser  frequency  by  a  large  factor  would  entail  a 
complete  rebuilding  of  the  whole  Promant  device,  an  operation  which  would 
be  quite  expensive  anu  time  consuming.  Ihe  increase  of  maser  power  with 
operating  frequency  was,  furthermore,  a  well  established  fact,  both  theo¬ 
retically  and  experimentally.  For  these  two  reasons,  it  was  not  proposed 
to  Investigate  this  means  of  increasing  the  Promant  sensitivity. 

The  second  major  possibility  for  increasirg  the  sensitivity  in¬ 
volved  pulsed  oscillator  operation.  It  was  well  understood  that  the  popu¬ 
lation  inversion  of  the  atoms  entering  the  NMR  coil  represented  the  influx 
of  a  certain  amount  of  potential  energy  per  unit  time  and  that  the  maximum 
average  power  of  the  oscillator  could  not  exceed  that  rate  of  influx  of 
energy.  On  the  other  hand,  it  was  felt  that  this  energy  could  be  extracted 
at  any  late  during  short  separated  intervals  so  long  as  the  above  average 
was  not  exceeded.  These  relatively  high  power  pulses  would  then  be  much 
easier  to  detect  against  the  kTB  background.  It  was  ’xpected  that  a  prac¬ 
tical  improvement  of  up  tc  IB  db  could  be  obtained  ir  this  manner. 

This  pulsed  operation,  which  promised  so  much  improvement  and  yet 
was  not  well  understood,  even  theoretically,  was  clearly  the  area  that 
should  receive  primary  emphasis  in  any  investigation  of  means  for  improv¬ 
ing  the  sensitivity  of  Promant.  It  was  therefore  proposed  that  the  inves¬ 
tigation  would  be  directed  toward  a  study  of  the  pulsing  technique. 

The  more  important  of  the  minor  possibilities  for  sensitivity 


improvement  included  (l )  modifications  of  the  flux  concentrators,  (2) 
reduction  of  amplifier  noise  figure  and,  (3)  larger  Overhauser  enhance¬ 
ment.  Although  a  practical  limit  of  34  db  improvement  from  these  sources 
was  estimated,  only  an  incidental  effort  to  incorporate  some  of  these 
features  was  proposed,  since  it  was  felt  that  such  optimizations  could 
be  made  after  the  basic  principles  were  proved. 

If  all  of  the  above  methods  were  applied  and  behaved  as  theoreti¬ 
cally  predicted,  it  was  possible  that  the  improved  Promant  could  have  a 
sensitivity  of  10-11  gauss  (l 00  Hz  carrier,  2.5  Hz  bandwidth);  however, 
if  the  pulsing  technique  failed,  the  sensitivity  would  be  limited  to  10"9 
gauss,  making  the  device  of  questionable  usefulness  as  a  VLF  antenna. 
1.3.2  Band  Tuning  of  Antenna 

In  order  to  provide  a  means  for  extending  the  good  low  frequency 
sensitivity  of  Promant  to  higher  frequencies.  National  Company  proposed 
a  heterodyning  scheme  using  a  mu-switched  version  of  Promant.  It  was 
planned  to  develop  this  method  of  tuning  to  produce  a  system  which  could 
be  included  in  a  practical  device.  A  model  using  this  practical  method 
was  to  be  built  and  tested  experimentally. 
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PROBLEMS  INVESTIGATED 


2.1  TECHNIQUES  FOR  IMPROVING  DETECTION  SENSITIVITY 


2.1.1  Fundamental  Concepts 


If  we  define  the  minimus  detectable  signal  H  by  the  condition 


that  the  signal- to-noise  ratio  be  unity,  then  since 


where  Pq  is  the  maser  power,  F  is  the  amplifier  noise  figure,  and 
f8  is  the  "carrier"  frequency,  and  it  is  assumed  that  the  sidebands  are 
not  within  1/2  absorption  linewidth  of  the  center  frequency,  we  have  the 


where  f  has  been  replaced  by  (Av)  ,  /2  wtt  ch  (see  previous  reports) 


gives  the  minimum  value  for  H  .  Recall  also  that  the  maximum  value  for  P 


where  N  is  the  number  of  spins  per  unit  volume,  f)V  is  the  effective 


volume  of  the  sample,  A  is  the  Overhauser  enhancement,  T, 


quency  of  the  maser.  It  is  assumed  here  that 


YHq  and  combining 


mum  power  without  causing  maser  pulsations.  Using  co. 


the  above,  we  can  obtain  a  fundamental  expression  for  H 


^  * 


where  the  substitution: 


i 


was  used,  and  where  e  is  the  relative  inhomogeneity  of  the  magnetic  field 
over  the  sample  volume. 

2.1.2  Improved  CW  Operation 

There  are  several  physical  parameters  which  determine  the  performance 
of  the  proton  maser  antenna. 

(a)  Field  Strength:  From  Equation  (2-4)  we  see  that  H  is  inversely 

ID 

proportional  to  the  DC  magnetic  field  Hq.  The  field  used  in  the  original 
Prcmant  was  only  234  gauss  (^)  =  1  MHz)  and  since  fields  of  7,000  gauss 

C0o  _ 

vn  ”  30  MBs)  appear  practical  for  such  a  device,  an  improvement  of  30  db 
in  sensitivity  may  be  obtained  by  increasing  the  DC  field  strength.  It 
should  be  noted  that  the  full  advantages  ,of  Increasing  the  DC  field  strength 
will  not  be  realized  unless  the  absolute  inhomogeneity  (eHQ)  is  controlled, 
so  that  the  quantity: 


(1 


Ifs  H  T, 

- - °_1) 


occurring  in  Equation  (2-4)  is  not  increased  significantly.  In  general,  this 
requirement  will  mean  that  the  relative  inhomogeneity  e  of  the  stronger  mag¬ 
net  must  be  considerably  less  than  that  of  the  original  magnet.  As  explained 
previously,  major  modifications  of  the  magnet  were  not  included  in  the  scope 
of  this  program. 

(b)  Sample  Volume:  An  increase  in  the  effective  volume  of  the  sample 
can  be  accomplished  either  by  improving  the  filling  factor  f)  or  by  actually 
enlarging  the  sample.  Either  method  will  yield  an  increase  in  the  sensitivity 
by  a  factor  equal  to  the  square  root  of  the  ratio  of  the  new  effective  volume 
to  the  original,  i.e.,  if  the  effective  volume  is  increased  to  four  times 
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It*  original  value,  the  eeneitivity  will  be  doubled.  In  most  cases  an  in¬ 
crease  in  affective  volume  will  be  acconpanied  by  an  increase  in  the  relative 
inhooogeneity  e,  and  care  Bust  be  exercised  to  prevent  this  adverse  effect 
frcB  cancelling  the  improvements  that  would  be  attained  otherwise. 

In  the  course  of  this  program,  a  new  coil  box  was  installed  which 
gave  an  increase  of  50%  in  the  effective  volume  -  an  alteration  which  theo- 
retically  increased  the  sensitivity  by  22%.  The  drawing  of  this  new  coil 
box  is  shown  in  Figure  2-1  arid  should  be  compared  with  Figure  3  of  the  pre¬ 
ceding  report  (&ADC-TR-64.-567)  *  Note  the  larger  sample  volume  and  the  in¬ 
creased  length  of  the  UHF  helix.  A  photograph  of  the  completed  coil  box  is 
shown  in  Figure  2-2,  whereas  a  photograph  of  the  original  coil  box  was  shown 
in  Figure  P-1  of  Appendix  B  in  the  report  mentioned  above. 


•AD  619  0i»3 


Figure  2-2  -  The  New  Coil  Box 


Temperature:  Although  it  appear*  that  the  sensitivity  is  very 


simply  dependent  on  the  absolute  temperature,  such  is  not  the  case.  Almost 
every  parameter  appearing  in  Equation  (2-4)  has  some  temperature  dependence 


Some  of  these  effects  can  be  neglected;  however,  others  may  be  quite  import 


ant.  For  instance,  if  the  viscosity  of  the  liquid  changes  as  a  result  of 


a  temperature  change,  we  would  expect  changes  in  both  T1  and  T2;  furthermore, 


£ 

if  the  flow  rate  changes  as  a  result  of  the  viscosity  change,  I,  will  be 
further  altered.  The  general  effect  of  a  viscosity  increase  is  to  broaden 
the  absorption  ’inewidth,  thereby  decreasing  the  sensitivity. 

It  was  found  that  the  parameter  most  sensitive  to  temperature  was 
the  Overhauser  enhancement,  A.  This  dependence  was  co  be  expected  In  the 
present  case  as  free  radicals  were  used  for  the  ESR  pumping  and  the  number 
of  unpaired  electrons  depends  strongly  on  temperature.  In  one  experiment, 
an  increase  in  temperature  from  25°  C  to  50°  C  doubled  the  Overhauser  en¬ 
hancement.  Since  the  Overhauser  enhancement  is  limited  in  value,  the  tem¬ 
perature  variation  to  be  expected  would  depend  not  only  on  the  type  of  ESR 
substance  used,  but  also  on  the  original  enhancement. 

Finally,  there  is  the  direct  temperature  dependence  which,  if  not 
masked  by  the  side  effects  described  above,  gives  increased  sensitivity 
for  a  decrease  in  temperature. 

Because  of  the  difficulty  of  using  cryogenic  measures  in  any  practical 
device,  the  effects  of  a  variation  of  temperature  were  not  examined  in  the 
proton  maser  antenna. 

(d)  Overhauser  Effect:  An  Overhauser  enhancement  of  A  =  55  was  ob¬ 
tained  in  the  original  Promant.  If  this  enhancement  could  be  increased  to 
its  ultimate  limit  (A  =  330)  without  altering  the  relaxation  times  (Ti  and  T2), 


1 


10 


_ 


J 


: 


the  sensitivity  would  be  improved  by  a  factor  of  2*4*  An  improvement  of 

this  size  could  not  be  realized  in  practice  for  several  reasons:  the  relaxa- 

► 

ticn  times  may  indeed  be  affected,  and  the  practical  limit  to  the  Overhauser 
effect  in  a  flowing  system  appears  to  ?*»  about  A  =  250. 


The  Overhauser  enhancement  in  a  free  radical  bearing  sample  is 
given  by  A  *  -  (1/2) (F/m)'g-~y  (Ye/Yp)r  where  F  is  the  efficiency,  m  the 
weighted  multiplicity  of  the  SSR  line,  and  S  is  the  electron  resonance  sat¬ 
uration  factor.  Ye  end  Yp  ere,  respectively,  the  gyromagnetic  ratios  of  the 
electrons  and  protons. 

The  efficiency  F  varies  between  0  and  1  and  represents  the  relative 
contribution  of  the  excited  free  radicals  to  the  total  relaxation  processes 
of  the  protons.  It  is  given  by  F  =  1  -  (Tj/t,  j),  where  T1  and  T10  are  the 
proton  longitudinal  relaxation  times  with  and  without  free  radicals.  Thus, 

F  is  determined  by  measuring  T1  and  T  .  Ibis  has  been  done  by  photograph¬ 
ing  the  buildip  of  the  NMR  line  after  the  removal  cf  a  saturating  field. 
The  results  are  tabulated  below: 
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Figure 


Ethyl  alcohol  (denatured) 

1.4  *- 

.1  sec 

- 

2t3 

Ethyl  alcohol  with  NaCH 

1.2  - 

.1 

- 

2-4 

TCS  -  5  mii.Jtes 

.75  t 

.03  .25 

-76  t  40$ 

2-5 

-  30  minutes 

.5  +- 

.1  .5 

-165  t  205t 

2-6 

-  2  hours 

.3"  * 

.07  .7 

-230  t  20% 

2-7 

Dead  TCS  (heat  treated) 

1.0  i 

.1  0 

0 

2-8 

A  n  is  the  maximum  theoretical  enhancement  assuming  complete  satura- 
tion.  Typical  enhancements  reported  for  the  operational  £rotoant  were  A  =*  -50 
or  only  22%  of  this  maximum  value. 
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Ethyl  Alcohol  (denatured)  -  (sweep  rate:  1  sec/cm) 


Figure  2-6  -  TCS-30  minutes  after  preparation  (sweep  rate:  0.2  sec/cm) 
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We  ascribe  this  deficiency  partly  to  the  inadequate  time  spent  by 
the  sample  ii  the  UHF  helix.  The  measured  relaxation  times  and  flow  velo¬ 
cities  for  maximum  power  in  the  operational  Promant  indicate  Overhauser  en¬ 
hancements  of  -50  to  -100;  typical  enhancements  were  about  -50  to  -55. 

Two  attempts  were  made  at  3.3  K  gauss  to  realize  the  full  Overhauser 

s-agnetizar.ion  indicated  Ly  F.  In  one  experiment,  a  small  quantity  of 

sample  was  exposed  for  a  time  t»  T  to  the  saturating  microwave  field. 

i  o 

Then  this  fully  magnetized  sample  was  suddenly  injected  into  the  NMR  coil 
and  the  resulting  pulse  photographed.  Enhancements  in  excess  of  -250  were 
indicated  in  this  way,  but  the  measurements  were  not  cdnsister.'c  and  are 
viewed  with  suspicion  (see  Figure  2-9).  The  second  experiment  employed  a 
stationary  sample  and  a  microwave  permeable  NMX  coil.  A  thermocouple  im¬ 
mersed  in  the  sample  showed  that  the  strongest  heating  effect  occurred 
within  the  NMR  coil.  Enhancements  of  about  -80  were  observed  with  no  flow. 
Records  of  the  enhancement  and  sample  temperature  versus  tiras  measured  from 
the  application  of.  microwave  power  show  an  initial  short  rise  time  and  a 
much  longer  rise  time  and,  finally,  a  magnetization  decay  -  see  Figure  2-10 
(magnetization  decay  not  shown). 

In  addition  to  relaxation  time  studies,  modifications  were  made  in 
the  unit  itself  to  provide  increased  Overhauser  enhancement.  The  most 
important  modification  was  the  new  coil  box  described  above  (Figure  2-1 ) 
which  provided  for  improved  electron  resonance  saturation  by  means  of  a 
longer  UHF  helix.  At  first  the  full  potential  of  this  new  helix  could  not 
be  realized  because  of  a  lack  of  sufficient  driving  power  at  the  U3F  fre¬ 
quencies,  but  after  an  oscillator  capable  of  the  required  4  watts  was  ob¬ 
tained,  Overhauser  enhancements  in  the  range  of  75  to  90  were  observed. 


This  improved  enhancement  corresponds  to  a  25^  theoretical  increase  in  * 
sensitivity. 

(e)  rouble  Frequency  Narrowing:  The  technique  of  line  narrowing  by 
double  frequency  irradiation  appeared  to  be  an  attractive  means  for  obtain¬ 
ing  increased  maser  power  and,  thereby,  improving  the  sensitivity.  This 

1 

phenomena  was  first  observed  by  Sarles  and  Cotts  and  was  explained  theo- 

2 

retically  for  the  case,  of  solids  by  Bloch.  These  investigations  have  re¬ 
cently  been  extended  to  the  case  of  liquids  by  Jha  who  derived  the  field 
conditions  for  narrowing. 

The  double  frequency  technique  is  quite  similar  to  the  motional- 
narrowing  technique  in  which  the  sample  is  mechanically  rotated  to  average 
the  field  inhomogeneities,  thereby  giving  a  narrower  line.  ir.  the  double 
frequency  technique,  one  field  is  the  ordinary  r.f.  field  applied  to  the 
sample,  while  the  other  is  a  very  strong  rotating  field,  the  effect  of  which 
can  be  represented  by  an  effective  rotation  of  the  spins.  The  dipolar 
broadening  of  the  resonance  line  may  be  quenched  by  this  method,  resulting 
in  a  narrower  line.  The  narrowing  of  the  line,  in  turn,  allows  the  use  of 
a  sample  with  a  smaller  T1 ,  yielding  a  larger  oscillator  power  (see  Equation 
2-3j  it  is  anticipated  that  a  spin  oscillator  rather  than  a  maser  would  be 
required  here  because  of  the  presence  of  the  second  r.f.  field $  however,  the 
power  equation  has  esser.cially  the  same  form  for  both  cases). 

Unfortunately,  the  rotating  r.f.  field  required  to  produce  substan¬ 
tial  narrowing  is  far  too  large  to  be  practical  -  of  the  order  of  kilogauss 

1  Saries  and  Cotts,  Fhys.  Rev.  Ill .  853  (1958) 

2  Bloch,  Phys.  Rev.  Ill .  841  (1958) 

3  Jha,  J.  Phys.  Soc.  Japan,  21,  42  (1966) 


(oee  the  article  by  Jha).  Moreover,  the  effect*  of  such  a  large  r.f.  field 
on  the  Overhauser  enhancement  are  not  known  and  cannot  be  easily  estimated. 


2.1.3  Pulsed  Operation 


(a)  Expected  Performance;  Prior  to  the  rigorous  analysis  presented 
in  paragraph  (b)  below,  it  was  thought  that  the  energy  stored  in  a  nuclear 
spin  system  could  be  extracted  at  an  arbitrarily  large  rate.  It  was  real¬ 


ized  that  the  Inverted  population  represented  a  certain  amount  of  potential 


NMR  coll  at  a  certain  rate.  Therefore,  the  average  power  that  could  be  ex 


tracted  from  the  spins  was  definitely  limited.  On  the  other  hand.  It  was 


believed  that  the  energy  could  be  extracted  in  short,  separated,  high-power 


pulses.  Even  the  simple  quantum  mechanical  picture  did  not  contradict  this 


belief.  The  error  lay  in  the  concept  of  considering  the  quantum  states  of 


each  of  the  spins  separately;  whereas,  a  rigorous  treatment  required  the 


realization  that  all  of  the  spins  formed  a  "Super  Quantum  State".  A  more 


rigorous  theory  of  pulsed  operation  which  accounts  for  this  Super  Quantum 


State  is  presented  herewith 


(b)  Theory  oi 


It  has  been  shown 


ciples  that  for  all  relaxation  mechanisms  normally  encountered  in  a  liquid 
such  as  dipolar  couplings  between  like  spins  or  fluctuating  quadrupole 


coupling  with  extreme  narrowing,  that  the  macroscopic  nuclear  magnetization 


of  these  liquid  systems  should  obey  the  Bloch  Equation  in  the  absence  of  an 


Oxford  1961,  Chapter  3  and  page  511 


Abragam 


Nuclear  Magnetization 


applied  r.f.  field.  It  can  further  be  shown  that  for  liquids,  if  the 


Bloch  equations  are  valid  in  the  absence  of  an  r.f.  field,  they  will  still 


amplitude  H 


then  an  oscillating  field  H 


^  _  1  1  U  A  IV  gUWOO  AO  A  VViU  A  LWU  WW  UA  AWk.  i.  AMw  A  I 

1  2n  x  4  *  103  x  10 

laxation  times.  Since  this  is  clearly  an  impractical  field  strength  to 


attain,  we  may  assume  that  the  Bloch  equations  will  always  apply  to  ordin 


ary  liquid  samples.  For  the  present  problem,  the  use  of  liquid  materials 


is  indicated  because  of  the  unacceptably  broad  linewidths  encountered  with 


solids 


The  Bloch  equations  may  be  written: 


where  i',  j',  and  k*  are  the  unit  vectors  in  the  lab  frame  and  M^, 
and  M  are  the  respective  components  of  the  magnetization. 


Assume  that  the  applied  field  is  the  sum  of  a  DC  field  H  =  H 


and  an  r.f.  field  fl.  with 


rotating  at  a  frequency 

co,  co  ^  co  •  (This  is,  in  our  case,  one  of  the  rotating  components  of  the  ap- 
o 

plied  field,  H  =  2  H.  cos  cot,  linearly  polarized  along  the  x  axis  in  the 
laboratory  frame;  the  effect  of  the  counter-rotating  component  is  neglected) 
In  the  frame  rotating  about  H  at  the  frequency  co  ,  there  is  an  effective 


static  field 


ibid,  p.  517 

Bloembergen,  Nuclear  Magnetic  Resonance11,  New  York  1961-,  p.  90 
ibid,  p.  45 


where  i,  j,  k  »  k*  (a  frame  rotating  about  the  z  axis)  are  the  unit 
vectors  in  the  rotating  frame  and 


Then  in  the  wtatlng  frame  the  equation  c£  motion  is 


where  M  1  and  M  ’  are  the  transverse  components  of  M  in  that  frame 


Writing  this  equation  in  component  form,  we  have 


To  study  the  behavior  of  the  components  of  the  magnetization  rotating 


at  the  applied  frequency  co,  we  must  solve  these  coupled  differential  equa 


tions.  Since  we  are  interested  in  the  transient  behavior  of  the  system,  let 


us  solve  these  equations  using  the  method  of  Laplace  transforms,  which  is 


the  most  convenient  method  for  this  type  of  problem, 


For  convenience,  define 


\i-  I 


L  (M  *(t))  =  m  (s) 


L  (My'Ct))  =  my(s) 
L  (V(t))  =  v(s) 


(2-12) 


where  L  (F(t) ) 


•P 


^(t)  dt  =  the  Laplace  transform  of  F(t). 


Let  us  consider  the  solution  of  the  Bloch  equations  in  response  to  a 


unit  step  of  r.f.  field.  The  turn-off  of  the  field  will  produce  only  exp on 


entxally  decaying  terms,  and  will  add  no  information  related  to  possible  en 


hancement  through  pulsing. 


[  O  ,  ±<0 
(  ±>Q  (213 


This  can  equivalently  be  written: 


OdC*)  =  (*)&&)  (2-14 


Then  in  the  above  equations,  Zlco(t)=a)(t)  -  coq  ,  ard 


{.  M;)  =  J  e'S  [(t)uM-u).]M:  Ut 


=  ^  esl(co-oo,)Mi  M 


(2-15 


n  A  Cs)  yni  ($) 


L  =  s  f(s)  -  F  (o) 


(2-1 6 


Before  t  =  0.  M  1  =  M  1  =  0.  M  ’  =  M_  and  .*.  V  =  0. 


H 


•  -  v  *  j  .  ;  •••-;.  ■ 


1 


i 


i 


Therefore,  the  Laplace  transform*  of  the  equations  are: 


v,  - 

•  • 

.  ■/ 

w 


S  rnt(s)  -  -  *Vs) 

7a 
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% 
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Solving  for  in^. 


fs+  i+  4,)m» 

myh)  =  - Tk - ’  (2'1S 

5  •  -  ffr*OY 

Assume  T1  *  *  *  (valid  for  a  liquid): 

my  *  _ ~  (2-2C 

let  a  *  r  ^-[cJ^UcYj* 


(2-2C 


wail 


■Sr-  ~M’  4,1  Tfr**Ol+  b'3 
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Taking  the  inverse  transform  of  this  expression,  we  finds 


where  co^  =  [»;  ♦  (^o)2] 


“1 =  YHi 


Aco  =  <0  -  CO  ,  where  co  =  TfS  and  go  is  the  frequency  of 
o  o  o 

the  applied  r.f.  field. 

Suppose  we  apply  the  step  of  r.f,  field  at  resonance,  then: 


j  hAQ  U)fT  r  -  f  . 


CcrsCO,  T  —  C*) >T C*)i 


,T)j 


(2-23) 


This  coefficient,  CJ,T  is  the  response  to  a  CW  r.f.  field, 

T+7uhT y*~ 

and  the  damped  sinusoidal  term  represents  the  transient  response  characteris¬ 


tics.  id  '  has  its  maximum  at  t  =  ,  with  a  value, 

V  2.tMr 


AIq  CJ,T 

I  +  ( cJiT) 


r  E 


1  +  cj,t  e 


77- 

xoJ,T 


(2-24) 


^  steady  state 


(/ 


+  cj,t  e  xtJ,r  ^ 


where  nl 


u  — 

y  steady  state  ,  ^  (cJt7) *■ 
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We  eee  that  K  has  its  maximun  at  co^  =  1  with  a  value 

e  y  steady  state 

M  •  -  M  ,  however,  exceeds  this  value,  increasing  linearly 

y  u.s.  2  y  max 

from  zero  for  small  r^T  ,  and  approaching  a  value  of  -Hq  for  large  co^  . 


CO,T-*» oo  *  *•** 

t  «  1,  corresponding  to  the  value  of  the  field  for  the  maximum  steady 


state  magnetization,  the  magnitude  of  this  maximum  overshoot  has  reached 


From  this  calculation,  it  is  clear  that  the  maximum  increase  in  signal 


amplitude  that  can  be  achieved  by  pulses  of  r.f.  field  over  a  CW  method  is  a 


factor  of  two  in  terms  of  the  magnitude  of  the  rotating  magnetization  at  the 


resonant  frequency. 

(c)  Experimental  Verification;  Several  experiments  were  performed  to 


verify  these  results.  The  experimental  arrangement  is  shown  in  Figure  2-11 
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Figure  2-11  -  Experimental  Arrangement  for  Pulsing  Tests 


[a)  r.f .  input  to  bridge=0.5  volt  (b)  r.f.  input  to  bridges'!. 2  volt 


The  various  c exponents  used  here  are  described  in  detail  in  Section  3«2. 

The  traces  on  the  oscilloscope  were  photographed  and  are  reproduced  below 

The  first  set  of  photographs  show  the  effects  of  a  change  in  r.f.  power 
level  on  the  ringing  signal  that  is  obtained  during  pulsing.  Since  the  ring¬ 
ing  frequency  is  equal  to  avjf  and  since  ,  we  would  expect 

cdt  to  increase  with  increased  r.f.  level,  i.e.,  we  would  expect  the  fre¬ 
quency  of  the  ringing  to  be  higher  for  a  higher  r.f.  level.  In  Figure  2-12 
(b),  the  r.f.  level  is  larger  than  that  in  Figure  2-12  (a);  note  the  differ¬ 
ence  in  frequency  (the- sweep  speed  is  the  same). 


Note:  Not  precisely  on  resonance;  no  HQ  field  change  between  pictures. 
Figure  2-12  -  Effect  of  r.f.  level  on  Ringing  Frequency 


nn 


The  second  set  of  photographs  shew  the  behavior  of  the  ringing  signal 
th*  Bc  field  (i.e. ,  fto)  is  changed.  Here  we  expect  cox  to  decrease  as 
rskonartco  is  approached  (i.e.,  Ao  — >0).  Figure  2-13  (a)  shews  the  response 
off  resonance}  whereas  figure  2-13  (b)  shows  the  response  on  resonance  (i.e., 
&Q  *  C‘)f  note  that  the  ringing  frequency  is  higher  off  resonance,  as  expected 


Note:  Same  r.f.  field  for  both  pictures}  r.f.  input  to  bridge  =  0.4  volts 


Figure  2-13  -  Effect  of  Magnetic  Field  Change  on  Ringing  Frequency 


The  third  set  of  photographs  emphasize  the  ring-down  pattern.  After 
a  pulse,  the  magnetization  vector  is  left  tipped  over  and  a  decaying  signal 
will  be  Induced  in  the  pickup  coll.  Since  there  is  no  input  to  the  bridge 
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the  ring-down  will  look  the  same  Independent  of  the  bridge  adjustment.  In 
Figure  2-14  (a),  the  bridge  is  adjusted  normally;  whereas,  in  Figure  2-14  (*>), 
the  bridge  is  raisadjusted  just  enough  to  null  out  the  pulse.  Note  that  the 
ring-down  looks  the  same  in  both  instances,  as  expected. 


fc'S": 


(a)  bridge  normal 


(b)  bridge  adjusted  to  cancel  NMR  signal 


Note:  All  other  conditions  are  the  same  for  both  pictures 
Figure  2-14  -  The  Independence  of  the  Ring-down  on  the  Bridge  Balance 


The  agreement  between  the  experimental  results  and  the  theoretical 
predictions  is  very  good.  The  combination  of  the  two  leaves  no  alternative 
to  the  conclusion  that  pulsing  is  not  beneficial,  i,.e. ,  pulsing  produces  no 
increase  in  the  maximum  instantaneous  power  .hich  can  be  attained. 


2.1.4  Electronic  Techniques 

Some  of  the  techniques  available  for  improving  the  performance  of  the 
proton  maser  antenna  are  of  a  primarily  electronic  nature  and  thus  depend  on 
the  state-of-the-art  of  the  various  electronic  components. 

(a)  Effective  Permeability;  The  sensitivity  of  the  antenna  is  di¬ 
rectly  proportional  to  the  effective  permeability.  However,  with  the  present 
apparatus,  increases  in  the  effective  permeability  gained  by  moving  the  flux 
concentrator  rods  nearer  to  the  magnet  are  accompanied  by  an  increase  in  the 
inhomogeneity  of  the  DC  magnetic  field.  Although  an  effective  permeability 


of  10  can  be  achieved,  the  field  has  a  useable  homogeneity  only  for  ^  6. 


Techniques  used  to  overcome  these  difficulties  by  adding  small  magnets  to  the 
flux  concentrators  will  be  discussed  in  a  later  section.  This  later  section 
also  contains  a  description  of  the  dynamic  flux  concentrators  and  curves 
shewing  the  improvements  obtained  over  the  original  configuration. 

(b)  Magnetic  IF;  The  use  of  the  techniques  described  in  Section  2.2 
below  to  produce  a  magnetic  IF  at  a  frequency  of 

f  =  ~  (Av) 


IF  2  abs 

permits  almost  maximum  sensitivity  to  be  obtained  over  a  wide  range  of  fre¬ 


quencies. 

(c)  Amplifier  Noise  Figure:  There  was  approximately  a  factor  of  10 
difference  between  the  theoretically  predicted  performance  of  the  original 
Promant  (assuming  an  electronics  noise  figure  of  unity)  and  the  experimentally 
measured  sensitivity.  If  all  of  this  difference  i3  assigned  to  the  electronics 
noise  figure,  the  value  obtained  is  20  db.  Seme  part  of  this  number  arises 
from  the  phase  fluctuations  in  the  multiplier  chain,  other  internally  gen¬ 
erated  noises  and  noises  picked  up  from  external  sources  in  the  electronics 
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following  the  initial  amplifier,  and  the  remainder  arises  from  the  internal 
noise  of  the  initial  amplifier.  Therefore  it  was  possible  that  the  original 
amplifier  could  have  had  a  noise  figure  as  bad  as  15  db,  which  is  approxi¬ 
mately  10  db  worse  than  the  state-of-the-art  for  amplifiers  without  positive 
feedback.  A  considerable  amount  of  effort  (in  the  light  of  the  maximum 
possible  improvement  in  sensitivity  -  less  than  a  factor  of  3)  was  expended 
in  attempts  to  improve  the  noise  properties  of  the  amplifier. 

These  attempts  included  the  design  and  construction  of  an  amplifier 
employing  low  noise  field  effect  transistors.  The  field  effect  transistor 
amplifier  was  found  to  be  unsuitable  for  use  as  a  Q-snultiplier  because  c£ 
the  temperature  dependence  of  the  active  components.  As  the  operating  level 
increased,  the  junction  temperature  would  rise,  causing  the  gain  to  change. 
Since  the  system  was  initially  very  near  oscillation,  a  minute  increase  in 
gain  would  cause  a  considerable  change  in  the  operating  level,  thereby  lead¬ 
ing  to  a  runaway  condition. 

As  stated  above,  all  of  these  amplifier  investigations  were  based  on 
the  assumption  that  the  complete  discrepancy  between  theory  and  experiment 
was  caused  by  the  amplifier  noise  and,  in  particular,  that  it  was  not  caused 
by  overly  optimistic  measurements  of  P0,  Hgig,  etc*  Noise  sources  other 

than  straightforward  Johnson  noise  were  also  neglected,  e.g.  tank  pulling, 
skirt  noise  contributions,  etc.  It  would  be  very  optimistic,  then,  to  ex¬ 
pect  an  improvement  even  approaching  a  factor  of  3  in  sensitivity  if  the 
amplifier  were  replaced  with  one  having  perfect  noise  characteristics. 

(d)  Information  Retrieval:  Before  it  was  realized  that  pulsed  opera¬ 
tion  offered  no  advantages,  one  of  the  foremost  engineering  problems  was 
that  of  recovering  the  information  from  the  output  spectrum  of  the  maser. 


A  considerable  amount  of  effort  was  expended  in  investigating  suitable  sys 


teas,  end,  although  the  information  is  now  of  limited  usefulness,  the  inves 


tigations  were  performed  under  the  contract  and,  for  this  reason^  a  brief 


description  of  the  accomplishments  are  recorded  here 


The  information  retrieval  system  actually  used  for  sensitivity  meas 


urements  was  described  in  the  previous  report,  RADC-TR-64-567.  Three  methods 


of  recovering  information  from  a  series  of  frequency  modulated  bursts  were 


considered;  one  was  described  in  the  proposal  and  two  others  were  devised 


during  the  course  of  the  program.  In  the  first  method,  shown  in  Figure  2-15 


the  pulsed  r.f.  signal  was  fed  into  a  frequency  discriminator  sufficiently 


wide,  band  to  accept  all  the  Important  sidebands  in  the  signal  spectrum 

a ioocu./)T/m  by  /eac/veo  s/baa/u. 
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Figure  2-15  -  Wideband  Discriminator 


As  the  information  desired  is  contained  in  a  great  many  sub-sidebands  sur 


rounding  each  of  the  major  sidebands,  the  whole  spectrum  must  be  accepted 


the  spectrum 


by  the  discriminator.  For  discriminator  aperture  B 


width,  the  output  signal -to-noise  ratio  becomes  inadequate 


I  ‘v. 
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An  important  consideration  in  the  evaluation  of  this  scheme  is  that 
the  gate  time  during  which  the  final  integrator  accepts  information  (con» 
talned  in  the  stepwise  varying  output  cf  the  discriminator)  is  extremely 
short,  so  that  little  or  no  averaging  of  noise  occurs.  The  essential  in¬ 
stantaneous  glimpse  of  signal-to-noise  allowed  the  integrator  is  held  during 
the  whole  of  the  "read  out"  period  between  bursts. 

A  second  difficulty  also  developed.  Suppose  for  the  moment  that  the 
target  sensitivity  is  10"9  gaussj  then  with  the  effective  permeability  of 
^eff  =  6»  the  field  in  the  air  gap  is  6  x  10"9  gauss,  which  corresponds  to 
a  frequency  deviation  of 

A  v  -  2.5  x  10“5  Hz. 

If  such  a  frequency  deviation  corresponds  to  a  microvolt  change  out  of  the 
discriminator  then  the  whole  of  the  100  kHz  discriminator  slope  (assuming 
10  Usee  r.f.  bursts)  must  cover  a  4000  volt  range.  Alternatively,  one  could 
build  a  comb  filter  that  would  pick  out  each  major  sideband  and  apply  it  to 
its  own  individual  discriminator.  There  would  be  required  250  such  filter 
discriminators  each  with  a  slope  of  about  .04  volt  per  Hz  deviation. 


urT'iniaifru 


Letting  8^  be  the  phase  of  the  nuclear  oscillator  signal  and  6^  be 
the  phase  of  the  VCXO  (voltage  controlled  crystal  oscillator)  signal,  the 
control  voltage  V  out  of  the  phase  detector  is: 

Vc  =  a  (eN  -  8X>,  Where  |  %  “  @x  |<"  . 

If  we  let  a,  b,  k,  kf  and  a  be  constants  and  let  the  subscripts  N  and  X 
have  the  same  reference  as  above,  then: 

=  ZttQ  =  tie  Cl-f-bVc) 

Vn  -  tf+i  =  *rreM 

(jJ.-v) 

ZTT  1  *7/  *^/ 

v.  =  ^  AH -ll, -LV.ll,] 

K  +  ~~V. 

Let  iX-a  be  adjusted  so  that  *£,=  if  He  ,  then: 

Ve.  +  ^  vr  -  k  A  H 

And,  ignoring  the  transient  term,  we  see  that  "p*  can  differ  from  a  A  H 
at  most  by  the  phase;  therefore,  we  may  write,  ignoring  any  ^hase  difference 
(which  will  bo  small  if  A  H  changes  only  slowly  with  time), 

\£  =  a  A  H  . 

As  a  function  of  time,  the  performance  of  the  control  voltage  of  the  phase 
locked  oscillator  would  be  as  depicted  in  Figure  2-17. 

# 

Ve - 

c.ire - 

Figure  2-17  -  The  Phase  Locked  Oscillator  Control  Voltage 
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TVo  objection#  to  this  scheme  are  that  the  oscillator  nay  apparently 
b*  locked  to  any  one  of  the  najor  sidebands  of  the  pulsed  r.f.  spectrum  and 
thus  aay  be  presumed  to  accept  information  from  only  one.  Therefore,  again 
assuming  a  sensitivity  of  10  ^  gauss  ard  a  Meff  of  6,  the  phase  detector 
would  have  to  derive  its  steady  state  offset  from  the  1.6  *  10" '°  radian/ 
cycle  phase  advance  of  the  nuclear  oscillator.  Use  of  105  times  multipliers 
could  be  employed  to  ease  the  requirements  on  the  phase  detector,  but  then  a 
local  oscillator  of  great  stability  is  required  for  heterodyning  back  a 
lower  fluency.  The  final  scheme  (see  Figure  2-18)  avoids  the  problem 
of  local  oscillator  stability  but  still  has  the  drawback  that  only  one  major 
sideband  constructively  contributes  to  the  output  information. 
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Figure  2-18  -  Double  Antenna  Scheme 


x/o 3 

1 

signal,  the  most  promising  seemed  to  be  the  multiple  segment  wide  band  dis 


crimin&tor.  The  development  of  such  a  device  would  be  a  major  undertaking 


in  itself  and  was  beyond  the  scope  of  the  present  contract. 

(e)  Bandwidth;  The  sensitivity  of  the  proton  maser  antenna  is  pro 


portional  to  the  square  root  of  the  information  bandwidth,  and  can  be  im¬ 


proved  by  using  smaller  bandwidths.  In  general,  the  bandwidth  will  be 


determined  by  the  information  rate  required  and  will  not  be  subject  to 


change  for  the  purpose  of  Improving  the  sensitivity, 


Since  the  required  bandwidth  was  specified  in  the  Statement  of  Work 


there  was  no  experimental  investigation  of  the  possibility  of  improving 


the  sensitivity  by  using  narrow  bandwidths 


(f)  Pulsing  for  Data  Handling;  Although  the  puloe  method  does  not 


give  the  large  increase  in  rotating  magnetization  that  was  originally 
sought,  the  possibility  that  an  advantage  might  be  gained  by  a  pulse  method 


through  data  handling  Improvement  was  explored.  This  possibility  was  sug¬ 


gested  by  experiments  in  NMR  spectroscopy  which  utilise  pulse  methods  for 


improvement  of  sensitivity.  In  these  experiments  a  sequence  of  repetitive 


r.£.  pulses  are  applied  to  the  system  under  investigation,  and  the  response 
of  the  system  is  recorded.  By  Fourier  transforming  the  Integrated  time  re¬ 
sponses,  the  spectrum  is  recovered  from  these  date.  This  method  gives  a 
sensitivity  Improvement  over  single  sweep  methods  since  the  entire  spectrum 
is  excited  simultaneously.  To  achieve  analogous  results  In  the  frequency 
domain,  one  would  require  a  multichannel  spectrometer  using  several  trans- 


Ernst  and  Anderson 


'Application  of  Fourier  Transform  Spectroscopy  to 
Magnetic  Resonance",  RSI  2Z>  93  (1966) 


nittsrs  and  receivers  at  different  frequencies  which  correspond  to  different 
points  in  the  spectrum.  While  this  icethod  is  useful  where  a  complicated 
gpectrusi  is  to  be  investigated,  for  our  situation  where  only  a  single  fre¬ 
quency  is  involved,  no  advantage  is  gained  over  using  a  single  narrow  filter. 
In  fact,  one  loses  averaging  tine  by  the  factor  of  the  duty  cycle,  and  hence 
loses  sensitivity.  Therefore,  in  this  application,  pul3ing  does  not  give 
an  advantage  free  a  data  handling  viewpoint. 


2.2  TECHNIQUES  FOR  ER0VTD1NG  VLF  TUNING 


2.2.1  Introduction 


TVo  methods  were  considered  for  providing  tuning  of  the  antenna 


ftie,  the  TRF  method,  consisted  of  simply  tuning  the  electronics  to  pick  up 


the  desired  sideband  of  the  maser,  and  the  other,  the  heterodyne  method 


was  analogous  to  a  superheterodyne  receiver. 

The  tuned  radio  frequency  (TRF)  method  had  the  disadvantage  that  the 
modulation  index  decreased  with  Increasing  carrier  frequency,  thereby  giving 
decreased  sensitivity  at  the  higher  frequencies.  In  fact,  increasing  the 
carrier  frequency  from  100  Hz  to  10,000  Hz  would  degrade  the  sensitivity 
by  40  db.  This  method  was  rejected  because  of  the  poor  sensitivity  at 
large  frequencies. 


The  heterodyne  method,  on  the  other  hand,  permitted  the  reception 


of  the  higher  frequencies  with  a  sensitivity  comparable  to  that  attained 


for  low  frequency  reception.  This  feat  was  accomplished  by  magnetically 


chopping  the  received  signal  at  the  "local  oscillator"  rate,  thereby  trans 


lating  it  to  the  fixed  frequency  f 


The  electronics  were  then  tuned  to 


receive  only  the  maser  sidebands  corresponding  to  £  ,  and  tuning  was  ac 

XF 

compiished  by  varying  the  "local  oscillator"  frequency. 


The  magnetic  field  at  the  sample  resulting  from  the  received  signal 
was  chopped  by  changing  the  effective  permeability  of  the  magnetic  structure 
at  the  local  oscillator  rate.  The  nathematical  demonstration  that  this  tech¬ 
nique  produces  the  desired  results  -  a  magnetic  field  varying  with  the  fre¬ 
quency  f  ^  at  the  sample  -  is  quite  simple.  The  received  signal  may  be 
expressed  as: 

H  ^  =  H  cos  &  t)  . 
rec  r  2tr 

Let  us  assume  that  the  effective  permeability  of  the  magnet  structure, 

t),  ;.s  being  varied  so  that  the  fundamental  component  is  at  the  fre¬ 
quency  f^Q,  and  that  the  form  of  £icc(t)  is: 


eff 


eff  - 

f  <p  n^L0 

(t)  =  4oao  +  M0a,  cos  (JjSt)  +  402a».  cos  (“^T 

n=2 


t) 


If  we  also  assume  that  and  f1{,  are  chosen  so  that  there  will  be  no  inter¬ 
ference  from  components  at  frequencies  2f^0  -  fr,  3 f^Q  ■  fr,  etc.,  then  we 
can  let  (t)  he  written  in  the  form: 

f. 


^e££(t)  = 


Uo  *  a,  cos  (2Te)j 


The  time  dependent  magnetic  field  at  the  sample  is  given  by: 


sample 


u  tr(t) 

(t)  =  -  Hrec(t) 


4r 


so  that 


or. 


H  (t)  =  H  a 

9  rL 


#  LO 

ao  +  al  cos  (2T 


cos  (2i 


t) 


-  -^LO  /^r 


■8(t>  =  a0Hr  cos  ^  +  a’Hr  cos  K  ^  COS  ^  ^ 


giving: 


M  /fr  x  alHr  f 

H  (t)  =  a  H  cos  (— =•  t)  +  —r —  / cos 
s  or  2tt  2  f 


+  cos  Hs** 


The  term  oscillating  at  the  sum  frequency  does  not  interest  us  since  it  will 
not  be  detected  by  the  electronics,  therefore  we  may  write: 
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H.(t)  ■  aoHr  co*  ^  +  T  Kr  cos  (2T  fc)  » 

where  it  lc  assumed  that  has  been  adjusted  so  that  -  f  *  f^. 

This  is  Just  the  result  we  wished  to  demonstrate.  Tbe  associated  waveforms 

for  an  idealized  case  in  which  Me££  is  switched  on  and  off  are  shewn  in 

Figure  2-19.  ■ 

Since  the  effective  permeability  cannot  be  less  than  zero  e.r.i  since 

it  cannot  exceed  the  maximum  CW  value  (u  )  ,  we  can  conclude  that: 

e“  mx 

*0  ♦  *1  "  K(fLr  > 


where  any  non- sinusoidal  characteristics  of  ff(t)  —  40a0  have  been  neglected. 
Therefore,  the  practical  problem  reduces  to  making  a,  -  aQ  as  small  as  pos¬ 
sible.  The  various  methods  considered  for  accomplishing  this  task  are  re¬ 
ported  in  the  following  subsections. 

2.2.2  Mechanical  Methods 

The  mechanical  method  of  producing  the  time  variation  of  the  effective 
permeability  required  some  means  for  periodically  opening  and  closing  a  gap 
in  the  flux  concentrator  rods.  This  requirement  suggested  the  possibility 
of  rotating  a  section  of  the  flux  concentrator  rod  as  shown  in  Figure  2-20. 


% 
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Figure  2-20  -  Principle  of  the  Mechanical  Method 
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Figure  2-19  -  Waveforas  Associated  with  Magnetic  Heterodyning 
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An  experiment  was  performed  with  just  such  an  arrangement  and,  although  an 
effect  was  observed,  the  results  were  net  encouraging.  Next,  a  pair  of 
pieces  (one  for  each  arm  of  the  flux  concentrators), as  shown  in  Figure  2-21, 
were  constructed  to  replace  the  rotating  rod.  The  performance  was  somewhat 
improved;  however,  mechanical  methods  were  abandoned  when  it  was  found  that 
electronic  techniques  offered  promise. 
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Figure  2-21  -  Improved  Mechanical  Chopper 
The  mechanical  method  had  the  severe  disadvantage  that  extremely 
high  rotation  rates  would  be  required  for  the  higher  carrier  frequencies. 

For  instance,  a  rocation  rate  of  60,000  rpm  would  be  required  to  receive 
a  1,100  Hz  signal.  Such  rotation  rates  are  not  generally  considered  possible. 
2.2.3  Saturation  Methods 

A  method  of  u-switching  which  depended  on  saturating  a  portion  of 
the  flux  concentrator  rods  periodically  was  considered  briefly;  however. 

't  was  soon  abandoned  when  the  difficulties  were  fully  appreciated.  A  sche- 
'.natic  diagram  illustrating  this  method  is  shown  in  Figure  2-22.  One  of  the 
problems  results  from  the  large  unwanted  time  varying  magnetic  field  produced 
at  the  sample  by  this  method.  This  field  can  be  greatly  reduced  by  opposing 
the  two  saturating  coils;  howevei  perfect  balance  cannot  be  attained,  and 


the  residual  modulated  field  is  still  far  too  big. 


3  cos/cMrx/treK 


Figure  2-22  -  Saturation  Method 

A  fantastic  amcjnt  of  power  is  required  to  operate  the  saturation 
coils  at  high  frequencies.  A  rather  large  volume  of  the  magnetic  material 
must  be  carried  around  the  hysteresis  loop  many  times  per  second  (depending 
on  the  carrier  frequency)  resulting  in  a  large  power  loss. 

The  third,  and  most  severe,  problem  is  the  difficulty  of  causing 
any  change  in  by  saturating  n.  The  normal  value  obtained  for  ^e££  was 

6.  For  the  heterodyning  to  be  at  all  practical,  4e££  would  have  to  be  re¬ 
duced  to  less  than  one-half  of  its  original  value.  Recall  that  the  formula 
for  /2eff  is: 

-L-=  1  +  N 

Meff  Ai  4"  » 

N 

where  4  is  the  permeability  of  the  rods,  and  is  the  demagnetization. 

Since  fu,  is  extremely  large,  -  can  be  neglected;  therefore, 

M 

N  _  1 

l 

N  -  2  , 
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The  arbitrary  requirement  above  that  a0  -  at  ^  ^  (&0  ♦  af)  or  aQ  ^  3a,  means 
that  the  saturated  value  o£  n  indicated  by  /iMlt  oust  obey  the  following  equation: 

2  ?  1  ♦  h 


Zeff  max  ^sat 


or,  for  the  actual  parameters  cf  tie  apparatus, 

1  ^  _J_  a  1 

3  "  u  6  * 

J  'sat 


Therefore, 


M  -  6  . 
^sat 


A  special  material,  Carpenter  High  Permeability  "49”  Alloy,  which  saturates 
at  an  extremely  small  field  (about  Hgat  *  0.05  Oe,  for  which  B  -  10,000  gauss) 
was  used  in  the  experimental  tests  of  this  method.  By  extrapolating  the  manu¬ 
facturer's  graphs,  it  is  estimated  that  the  H  field  required  to  reduce  the 
permeability  to  fj,  *  6  is  approximately  3000  Oe.  The  production  of  such  a 
field  would  require  a  coil  of  many  turns  and  many  amperes  of  current. 

This  method  was  dismissed  as  impractical. 

2.2.4  Eddy  Current  Methods. 

The  method  by  which  success  was  achieved  was  the  eddy  current  flux¬ 
cancelling  method.  Two  eddy  current  coils  were  wound  around  the  flux  con¬ 
centrators  as  shown  in  Figure  2-23.  The  operation  of  this  method  is  based 
on  the  exclusion  of  time  varying  flux  from  a  shorted  turn(s),  i.e.,  the  emf 
Induced  in  a  shorted  coil  gives  rise  to  an  eddy  current  which,  in  turn, 
produces  a  flux  which  tends  to  cancel  the  applied  flux  (Lenz's  law). 

Clearly,  the  resistance  around  the  loop  of  the  coil  plus  its  "short"  must 
be  kept  at  a  minimum  for  this  method  to  be  effective  and,  in  fact,  finding 
a  "switch"  with  sufficiently  low  resistance  was  the  roost  difficult  practical 
problem  associated  with  the  method. 
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Figure  2-23  -  Promant  with  Eddy  Current  Coils 


Tests  were  performed  to  determine  the  possible  effectiveness  of 


the  method.  Measurements  were  made  with  both  the  Pramant  assembly  itself 
(Figure  2-23)  and  with  a  special  test  structure  made  by  removing  the  flux 
concentrators  from  Promant  and  applying  them  directly  to  a  test  coll  as 
shown  in  Figure  2-24. 
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Figure  2-24  -  Test  Structure 


Hi*  results  obtained  are  as  follows: 


Set-Up 

Piaure 

Effective  Permeability  (l  kc  signal) 

Switch  Open 

Switch  Closed 

Promant 

2-23 

6 

t 

3.2 

Test  Structure 

2-24 

30 

1 

The  values  shown  here  were  obtained  under  the  conditions  described  in  the 
following  paragraph. 

It  was  found  that  the  change  that  could  ba  produced  In  the  effective 
permeability  depended  strongly  on  the  proximity  of  the  eddy  current  flux- 
cancelling  colls  to  the  gap.  As  an  illustration  of  this  effect,  It  was  ob¬ 
served  using  the  test  structure  that  the  effective  permeability  (which  was 
30  for  the  switch-open  condition)  could  be  reduced  to  1  if  the  coils  were  as 
near  the  gap  as  possible,  whereas  the  effective  permeability  could  only  be 
reduced  to  10  if  the  coils  were  25  cm  from  the  gap.  The  numbers  given  in 
the  table  above  were  obtained  with  the  Promant  eddy  current  colls  pushed 
tightly  against  the  magnet  structure.  Since  the  Promant  magnet  without  the 
laminated  flux  concentrators  (but  with  the  copper  dynamic  flux  concentrators) 
had  a  non- programmable  effective  permeability  of  Meff  *  2.2,  and  since  about 
9  Inches  of  each  magnetic  flux  concentrator  lay  on  the  gap  side  of  its  eddy 
current  coil,  the  data  is  aelf-consistent. 

As  stated  above,  finding  a- switch  that  could  operate  at  up  to  10,000 
Hs  and  yet  have  extremely  low  "on"  resistance  posed  quite  a  problem.  The 
solution  finally  obtained  is  shown  schematically  in  Figure  2-25*  The  diodes 
were  chosen  for  minimum  potential  developed  between  points  A  and  B,  which 
proved  to  be  an  unexpectedly  difficult  selection.  The  results  of  using  this 
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Figure  2-25  -  Dynamic  Switch 


dynamic  switch  were  particularly  encouraging  and  the  design  was  considered 


quite  successful 


All  of  these  features  found  deslra' 


were  applied  to  the  modified 


Promant  as  described  in  Section  3.  Tests  were  made  to  determine  the  success 


of  the  tuning  method.  The  results  shewed  that  this  was  very  successful 

{see  Figure  3-8).  The  sensitivity  at  10  kHz  was  improved  by  nearly  30  db, 

( 

and  the  sensitivity  was  relatively  constant  over  the  whole  upper  frequency 


A  further  improvement  in  performance  may  be  obtained  by  gating  the 


electronics  so  that  the  maser  is  only  observed  during  the  switch-open  por 


110"  of  ecch  cycle.  Only  noise  would  be  expected  from  the  maser  during  the 


switch-on  portion  of  the  cycle.  Another  possible  source  of  improvement 


would  be  a  redesign  locating  the  eddy  current  coils  nearer  the  air  gap 
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SECTION  3 
MODIFICATIONS 


3. 1  MODIFICATIONS  TO  THE  PROMANT  MAGNET 


3.1.1  D\ 


Lc  Flux  Concentrators 


The  promant  magnet  was  dissasembled  and  two  copper  Flux  con¬ 
centrator  plates  were  secured  to  the  soft  ferrite  pole  pieces  with  double 
sided  sticky  Scotch  tape  jl410.  The  geometry  of  the  plates  is  shown  in 
Figure  3-1. 


O.D.  =  24  Cpt 
1.0.  =  2.5  cm 
T  *  J3cm 


Figure  3-1  -  Dynamic  Flux  Concentrators 
The  performance  of  the  plates  in  ir  is  given  in  the  following  table. 


Frequency 

0 

100  Hi 


Effective  Permeability 


The  effectiveness  of  the  plates  in  concentrating  the  AC  flux  in  the 
air  gap  is  strikingly  seen  in  Figures  3-2  and  3-3.  Figure  3-2  was  made* 
before  the  concentrator  plates  were  inserted  and  shows  a  barely  discernable 
reduction  of  the  AC  flux  near  the  outer  edges  of  the  pole  plates.  In  con¬ 
trast  note  the  pattern  with  the  plates  in  Figure  3-3  which  shown  a  very  high 
degree  of  concentration  in  the  central  region  of  the  poles.  The  enhancement 
of  the  effective  permeability  of  the  promant  magnet  obtained  with  the 
use  of  these  plates  was  slightly  less  than  would  be  expected  on  the  basin 
of  their  performance  in  air.  This  discrepancy  resulted  from  the  fact  that 
the  change  in  the  geometry  of  the  AC  air  gap  increased  the  demagnetizaticn 
factor  for  the  two  magnetic  flux  concentrator  rods.  The  final  effective 
permeability  for  the  promaut  magnet  obtained  by  this  and  all  oihe*  tecu- 
niques  combined  is  shown  in  Figure  3-4. 

3.1.2  Flux  Concentrator  Extention 

The  flux  concentrator  length  was  extended  by  13%,  bringing  the  total 
length  per  side  to  37.5".  The  extentions  were  two  4.5"  long  sectioas  of 
1.5"  diameter  iron  pipe,  slit  along  a  element  of  the  side  to  prevent  eddy 
currents. 

The  final  effective  permeability  of  promant  is  shown  in  Figure  3-4, 

3.1.3  Flux  Concentrator  Bias  Magnets 

It  was  observed  that  the  flux  concentrators  could  be  moved  closer 
to  the  back  of  the  soft  ferrite  pole  pieces  without  impossibly  damaging  the 
air-gap  field  homogenity  if  small  bias  magnets  were  placed  on  the  ends 

'  f 

*  A  word  is  in  order  concerning  the  techniques  used  to  plot  Figure  3-2  and 
Figure  3-3.  A  modified  drafting  machine  having  an  NMR  coil  attached  to 
one  extremity  and  a  marker  attached  to  the  other  was  used  to  draw  curves 
of  equal  magnetic  strength,  i.e.  the  NMR  coil  was  moved  about  in  the 
promant  magnet  gap  along  those  paths  that  gave  no  change  in  the  resonant 
frequency  -  the  marker  then  traced  out  an  image  of  the  field  contour  on  a 
piece  of  paper. 
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Figure  3-3  -  AC  Field  Distribution  in  Air  Gap 
with  Dynamic  Flux  Concentrators 
(Shown  Full  Scale) 


of  the  flux  concentrator  rods  as  shown  in  Figure  3-5.  This  addition  does 
not  increase  the  effective  length  of  the  flux  concentrators  because  the 
intrinsic  permeability  of  hard  ferrite  is  unity.  Using  this  technique,  a 
reasonable  homogenity  was  obtained  in  the  vicinity  of  the  nuclear  resonance 
probe.  As  determined  from  Figure  3-6  an  inhomogenity  in  the  magnet 
center  of  c  =  4  x  1Q“*  was  obtained  by  using  both  current  shims  and  the 
flux  concentrator  bias  magnets. 

3.1.4  DC  Flux  Returns 

Because  the  Promant  Magnet  had  a  magnetic  field  temperature 
coefficient*  of  1.2  gauss/°C.  A  one  degree  Centigrade  temperature  change 
in  the  experimental  area  could  move  the  magnetic  field  beyond  the  range  of 
the  manual  field  adjust  coil  on  the  control  rack.  To  give  a  wider  range  of 
control,  a  course  field  adjustment  was  provided  on  the  promant  magnet. 
This  adjustment  consists  of  a  set  of  flux  return  bars  as  shown  in  Figure 
3-7. 


I 


*See  the  previous  report  RADC-TR -64-567,  p.  52. 
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Figure  3-6  -  Magnet  Field  of  Promant  Magnet,  Frequency  Terms 


The  flux  return  bars  were  used  to  make  changes  of  the  order  of 
1  gauss  in  the  magnetic  field  representing  a  relative  change  of  0.5%. 

Even  if  .5%  of  the  AC  flux  were  lost  through  the  flux  return  bars  it  would 
not  be  significant. 

3.1.5  Eddy  Current  Windings 

To  provide  for  VLF  tuning  by  permeability  switching  the  magnet, 
about  125  turns  of  #12  copper  wire  were  wound  around  the  flux  concentrator 
rods  just  outside  the  magnet  yoke  bushing.  When  shorted  these  windings 
partly  cancelled  the  flux  passing  down  the  concentrator  rods  as  described 
in  Section  2,  2.  4.  Although  these  eddy  current  windings  would  have  been 
mor,e  effective  if  placed  closer  to  the  poll  faces,  the  drastic  modification 
of  the  magnet  that  would  have  been  necessary  was  outside  the  scope  of  the 
contract.  The  coils  as  wound  had  a  measured  inductance  of  7.2  x  10”3 
henry  when  installed  on  their  respective  flux  concentrators.  The  reac¬ 
tance  at  1  kHz  therefore  was  4512,  and,  as  the  ohmic  resistance  was  about 
212,  the  coils  were  highly  inductive. 

When  located  outside  the  yoke  bushings  of  the  promant  magnet  the 
shorted  eddy  current  coils  could  reduce  the  promant  permeability  from  6 


to  3.2. 


The  electronic  switch  described  in  Section  2.  2.4  was  also  used  in 


the  modified  Promant. 

The  sensitivity  of  the  modified  apparatus  was  measured  over  the 
higher  frequency  range  and  is  shown  in  Figure  3-8.  Here  the  sensitivity 
is  compared  with  that  obtained  without  the  magnetic  heterodyning.  The 
imj movement  is  remarkable. 
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3.2  NUCLEAR  OSCILLATOR  ELECTRONICS 

3.2.1  NMR  RF  Bridges 

In  o  der  to  use  10  psec  bursts  with  an  RF  bridge  for  nuclear  reso¬ 
nance  the  bridge  must  have  two  essential  properties:  ( 1 )  all  circuitry 
must  be  at  least  of  100  kHz  bandwidth  and  (2)  the  balance  must  be  preserved 
over  the  complete  bandwidth  so  that  the  fourier  components  of  the  RF  burst 
will  not  couple  through  with  greater  amplitude  than  the  inbalance  component 
produced  by  the  resonance  itself.  Much  work  went  into  the  making  of  an 
RF  bridge  that  was  at  all  capable  of  being  used  with  RF  bursts.  Only 
towards  the  end  of  the  contract  was  a  bridge  developed  that  came  close  to 
filling  the  requirements.  Even  then  the  final  bridge  performed  well  only 
with  two  dummy  coils.  The  beat  decoupling  achieved  was  -80  db  over  about 
a  50  kHz  range. 

Three  bridge  designs  that  were  discarded  after  construction  and 
testing  of  prototypes  are  shown  in  Figure  3-9. 

A  schematic  diagram  of  the  final  design  which  more  nearly  filled 
the  requirements  than  any  other  is  shown  in  Figure  3-10. 

Because  of  the  downfall  of  the  pulsing  scheme,  none  of  these  bridges 
were  incorporated  into  the  Promant  device  itself;  however,  the  final  design 
was  used  to  obtain  the  experimental  data  presented  in  Sect' on  2,  1.3. 

3.2.2  Coil  Box 

A  revised  coil  box  was  constructed.  The  new  coil  box  followed  the 
design  of  the  first  one  except  that  larger  sample  volumes  were  contained 
in  both  the  helix  and  the  NMR  coil,  and  the  NMR  coil  chamber  was  made 
large  enough  to  accept  the  experimental  crossed  coil  structure  had  that 
arrangement  been  desired. 
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Figure  3-9  -  Various  Bridge  Designs  That 


Were  Constructed 
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Figure  3-10  -  Final  Design  of  the  NMR  Bridge 


The  volume  of  sample  in  the  helix  was  increased  to  3.9  cm5  so  that 
with  the  normal  flow  rate  of  about  3  cm3  of  liquid/ sec. ,  at  least  2  proton 
relaxation  would  be  spent  by  the  sample  in  the  helix.  Over  the  useful  life 
of  the  sample  the  proton  relaxation  times  varied  from  .3  to  .5  seconds. 

The  resulting  helix  diameter  of  1.1  cm  mean  that  to  obtain  a  satur¬ 
ating  UHF  field  to  excite  the  electrons  4  watts  of  power  at  660  MHz  were 
required.  (A  tunable  power  oscillator  was  obtained  that  could  provide 
this  power.)  Overhauser  effects  of  at  least  A  =  -75  were  obtained  by 

this  means. 

The  NMR  coil  volume  was  increased  by  50%  becoming  .75  cm  long. 
This  change  increases  the  exposure  time  of  the  sample  to  the  RF  field 
and  thus  reduces  the  line  broadening  by  flow;  however,  as  the  sample 
occupies  more  space,  the  magnet  must  be  improved  or  c  the  fractional 
inhomogenity  becomes  worse  (larger).  We  deduce  from  plots  of  the  Pro- 
mant  S/N  v.  s.  magnet  frequency  plots  that  the  operational  line  width  was 
40  Hz.  A  number  in  keeping  with  the  field  spread  over  the  sample  is 
shown  in  Figure  3-6. 

?  " .  3  Crossed  ■Coil 

A  substantial  effort  was  directed  toward  developing  a  crossed 
coil  structure  with  adequate  decoupling  and  sufficient  bandwidth  to  fill 
the  needs  of  the  proposed  pulsed  nuclear  spin  oscillator.  The  experimental 
crossed  coil  structure  was  wound  on  a  form  that  could  be  inserted  into  the 
NMR  coil  compartment  of  the  new  Promant  coil  box.  The  direct  linkage 
flux  was  controlled  by  a  pair  of  Bloch  paddles.  The  capacitive  coupling 
was  cancelled  by  a  variation  of  Weavers  U-mode*  coxitrol  (see  Figure 
3-11). 


*E.R.  Andrew,  Nuclear  Magnetic  Resonance,  Cambridge  1958,  p.  61. 
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Figure  3-11  -  Crossed  Coil  Showing  Bloch's  Flux-steering  Paddles 
and  an  Adaptation  of  Weaver' s  U-Mode  Control 


The  maximum  decoupling  was  about  -  100  db  but  the  feedthrough 
came  up  very  fast,  being  intolerably  high  10  kHz  away  from  the  balance  point 
It  was  interesting  to  note  that  when  the  frequency  was  shifted  from  design 
center  it  was  the  direct  linkage  flux  that  gave  the  feedthrough  problem. 


This  situation  prevailed  even  when  the  Bloch  paddles  were  removed  and 
the  structure  was  suspended  several  inches  away  from  metal  surfaces. 


3.2.4  Sweep  Frequency  Oscillator 


A  sweep  frequency  oscillator  was  constructed  to  aid  in  designing 


the  RF  Bridg  It  was  patterned  after  the  VCXO,  except  that  the  unit 


was  capable  of  sweeping  over  a  100  kHz  range.  The  AGC  stabilized  oscillator 
is  capable  of  a  maximum  undistorted  signal  of  2.2  volts  into  the  RF  bridge 


I 

I 

input.  The  unit  swept  from  9^7  kHz  to  1057  kHz  for  a  control  voltase  varia¬ 
tion  from  6  volts  to  2  volts.  The  schematic  is  shown  in  Figure  3-12. 

i 

3.2.5  The  Q  Multiplier 

''  A  Q  multiplier  circuit  was  constructed  using  low  noise  FET's  (field 

i 

effect  transistors).  With  special  circuitry  to  cancel  the  self  heating  of  the 
i  trans  stors  the  circuit  will  Q  multiply  by  a  factor  of  about  800  before 

I 

breaking  into  oscillation. 

This  performance  was  not  sufficiently  useful  to  justify  replacing 
the  original  Q  multiplier.  Refer  also  to  Section  2.  1.  2  where  the  Q  multi¬ 
plier  problems  were  discussed  in  greater  detail. 

3.2.6  Null  Amplifier 

! 

A  null  amplifier  was  constructed  to  amplify  the  resonance  signal  at 
the  output  of  the  bridge  or  crossed  coil.  The  amplifier  had  a  maximum 
gain  of  68.8  db  and  a  maximum  undistorted  output  of  550  mv  pp  into  a  15S2 
impedance.  The  equivalent  noise  input  is  10  uv  pp.  In  use  the  amplifier 
was  powered  with  batteries.  The  frequency  response  is  given  in  the  fol¬ 
lowing  table. 

Frequency  500  kHz  600  800  1000  1200  1500 

Variation  +1.4  db  +1.6  +1.0  db  0  - 1  db  -2.5 

’  .  . . 

The  schematic  diagram  is  shown  in  Figure  3-13. 

3.3  DATA  RECOVERY  ELECTRONICS 

Of  the  data  recovery  electronics  described  in  Section  2.  1.4(d) 
only  the  voltage  controlled  crystal  oscillator  was  actually  built.  The 
problem  of  building  the  orthogonal  coupler  and  verifying  the  performance 
of  the  pulsed  spin  system  had  a  priority  claim  to  man  hours. 
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The  frequency  of  the  voltage  controlled  crystal  oscillator  VCXO 
could  be  varied  over  &.  range  of  ±20  Bx  around  1  MHz  by  a  control  voltage 
that  varied  from  2  to  6  --'olts. 

The  unit  had  a  maximum  undietorted  output  of  2.2  volts  into  a  hign 
impedance  (about  IK). 

The  circuit  diagram  is  shewn  in  Figure  5- 14. 

The  final  amplifiers  have  a  very  flat  frequency  response  to  mini¬ 
mize  spurious  phase  pulling  and  the  circuit  include*  an  automatic  gain 
control  (AGC)  loop  to  keep  the  output  level  stable.  The  control  voltage 
was  applied  to  a  varicap,  slightly  altering  the  capacitive  loading  of  the 
crystal  thereby  "pulling"  its  frequenc /. 

When  this  unit  was  constructed,  it  was  intended  that  it  be  included 
in  the  modifications  to  Promant;  however,  it  was  abandoned  when  the 
theoretical  and  experimental  proofs  of  the  futility  of  pulsing  were  obtained. 


I 


The  most  important  conclusion  reached  during  this  study  and 


investigation  was  that  pulsed  operation  of  the  NMR  oscillator  offered 


no  advantages  over  CW  operation.  Ihis  problem  wus  investigated  in  con 


siderable  detail,  both  theoretically  and  experimentally.  The  results 
of  these  investigations  (presented  in  Section  2.1.3)  were  unambiguous 
and  permitted  only  the  conclusion  stated  above. 


Excellent  success  was  attained  in  developing  techniques  for  pro 


viding  VLF  tuning.  The  magnetic  heterodyning  technique  using  eddy  current 


flux- cancel ling  coils  for  /!- switching  extended  the  frequency  range  of  the 


No  significant  improvement  in  sensitivity 


antenna  to  more 


was  observed  without  using  magnetic  heterodyning 


APPENDIX  A 


TYPICAL  SENSITIVITY  DATA 

Figure  A-1  is  a  reproduction  of  an  actual  recording  of  the  data 
used  to  obtain  the  300  Hz  data  point  on  Figure  3-8.  The  signal  occurring 
between  the  letters  D  and  E  represents  a  magnetic  field  of  2.14  x  10""5 
gauss  at  300  Hz.  For  this  measurement,  no  magnetic  heterodyning  was 
used.  The  maser  power  was  2  x  10“10  watts. 

A  typical  magnetic  heterodyning  measurement  is  shewn  in  Figure 
A— 2s  The  signal  shown  is  caused  by  a  magnetic  field  of  16  x  10“3  gauss 
at  a  frequency  of  10*  Hz.  The  excess  noise  occu-ring  while  the  oscil¬ 
lating  magnetic  field  is  present  results  from  t  relative  instability 
of  the  two  oscillators  used  to  generate  the  field  and  used  for  a  local 
oscillator,  respectively.  The  maser  power  during  this  measurement  was 
8  x  10-11  watts.  This  data  was  used  to  obtain  the  data  point  (with 
heterodyning)  at  10  JcKz  in  Figure  3-8. 


A-1 


Figure  A-  1  -  Typical  Sensitivity  Data 


Figure  A-2  -  Typical  Z/ata  with  Heterodyning 
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IS  ABSTRACT 

The  report  presents  results  of  a  study  and  investigation  of  techniques  for 
imoroving  the  performance  of  a  Proton  Maser  Antenna,  a  new  sensor  technique  for 
the  ELF-VIF  frequency  region,  developed  under  Contract  AF30(602)-2908.  Problem 
of  increasing  threshold  sensitivity  and  providing  band  tuning  of  the  antenna 
were  considered  under  the  present  effort. 


The  heterodyne  method  was  utilised  for  VU  tuning.  This  method  uses  eddy 
current  flux-cancelling  coils  for  ^-switching  purposes.  The  incoming 
signal  is  magnetically  chopped  at  a  predetermined  rate  and  is  translated 
into  a  fixed  intermediate  frequency.  By  the  utilisation  of  thie, technique, 
the  frequency  range  cf  the  antenna  is  extended  from  100  Hs  to  10*  Ht  without 
appreciable  degradation  a...  sensitivity. 


Partial  success  was  achieved  in  the  effort  concerned  with  increasing  the 
sensitivity  of  the  antenna.  A  new  coil  box  was  constructed  in  order  to  increase 
the  sample  flow  volume  by  50*.  This  undertaking  should  theoretically  increase 
the  sensitivity  by  22%.  The  Overhauser  enhancement  was  increased  from  A- -  50  to 
A=-  90.  This  improved  enhancement  corresponds  to  a  25%  theoretical  increase  in 
sensitivity.  Studies  conducted  on  increasing  antenna  sensitivity  by  pulsed  mode 
operation  were  unsuccessful.  These  studies  indicated  that  an  increase  factor  of 
two  instead  of  the  expected  38  db  could  be  realized 
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